Abstract Concomitant vascularized composite tissue allotransplantation (VCA) offers single stage restoration of complex anatomical units in a manner that would be difficult, if not impossible to accomplish using conventional reconstructive techniques. However, such extensive and complex transplant procedures have considerable inherent risk. Two cases of concomitant face and hand transplantation have been performed to date, both with significant early complications leading to significant morbidity, and in one case, mortality. These cases highlight some of the unknowns in both perioperative and immunological management that must be addressed if this complex subset of VCA procedures is to be more widely offered. Only once these acute challenges can be reliably managed will focus turn to rehabilitation and long-term outcomes. If these issues can be overcome, concomitant face and upper extremity transplantation could offer patients who have suffered severe, complex injuries unprecedented options for restoration of function and form.
Introduction
Vascularized composite tissue allotransplantation (VCA) is now considered a feasible reconstructive option for patients with severe injury and tissue loss. A variety of VCAs, including the face, upper extremity, lower extremity, abdominal wall, larynx, and knee have been performed worldwide. Currently 23 face transplants and over 80 upper extremity transplants have been reported [1, 2 • , 3 •• ]. Blasts, burns and animal attacks are among the traumatic mechanisms which may result in extensive injuries across multiple anatomical areas. Such injuries and the potential to improve on the outcomes of conventional reconstructive procedures in many of these cases have led to the emergence of concomitant transplantation of more than one VCA as a reconstructive solution. Due to the surgical challenge and the associated risk of morbidity and mortality, concomitant transplantation is considered the most complex type of VCA (Table 1) . This review will examine these cases, evaluate the outcomes, identify questions arising from these cases, and offer some potential suggestions for future directions in this field.
Clinical Cases
The first concomitant face and hand transplant was performed in Paris in April 2009 [5 •• ] . The patient was a 37-year-old man who had sustained a burn injury involving 80 % of his total body surface area. All 10 fingers had been amputated and his upper face and skull had been reconstructed with a free omental flap and split thickness skin grafts. He received a partial myocutaneous facial allograft and bilateral below elbow transplants. This patient was diagnosed with multi-drug resistant pseudomonas aeroguinosa infection of face and left hand allografts on postoperative day 15. The patient subsequently developed areas of necrosis affecting the facial allograft tissue, requiring repeated surgical excisions and antibiotic therapy. On postoperative day 33, the patient suffered airway obstruction and cardio-respiratory arrest during treatment of septic hemorrhage. Despite 5 weeks of intensive care, the patient died 65 days post transplant [ 
The second concomitant face and hand transplant was performed in Boston in May 2011 [6 •• ] . The recipient was a 57-year-old female who sustained extensive injury to her face and hands in a chimpanzee attack. This patient received an extensive osteomyocutaneous facial allograft, and bilateral hand transplants at distal forearm level. On post-operative day 2, the patient developed aspiration pneumonia which progressed to septic shock, ultimately resulting in irreversible ischemic damage to both transplanted hands. The upper limb allografts required amputation on post-operative day 5. The patient was transferred out of the ICU on post-operative day 18 and discharged from the hospital on post-operative day 38 [6 •• ] .
Surgical Challenges
The heterogeneous nature of injuries experienced by patients considered for face and hand transplantation necessitates significant variation in the extent of VCA tissue harvested. Facial allografts have varied considerably in terms of the percentage facial area transplanted, and have included both myocutaneous flaps composed of the skin and muscles of facial expression, and osteomyocutaneous flaps including significant parts of the mid-or lower facial skeleton [ Significant progress has been made in the surgical technique for VCA, particularly for facial allografts. Cadaveric dissections and clinical cases have demonstrated that full facial allografts, including underlying segments of the craniofacial skeleton, can be supported on just the facial vessels, facilitating both efficient donor tissue retrieval and coaptation of facial nerve branches [15] [16] [17] . In addition, teams who have performed several face transplants have reported progressive reduction in intraoperative blood loss and shorter OR times [ 
The surgical principles of hand transplantation are based primarily on upper extremity replantation, including the use of arm tourniquets to control bleeding [18] . Teams have modified their technique as they have gained experience. The Pittsburgh team has described the use of delayed arterial anastomosis. This procedure begins with osteosynthesis, followed by repair of extensor tendons, dorsal veins and nerves. Finally, the radial and ulnar arteries are anastomosed. This method has allowed precise repair of the median and ulnar nerves in a bloodless, non-congested field, and while ischemic time is undoubtedly prolonged, results to date suggest that this has not had a detrimental effect on outcome [19] .
The initial cases of concomitant face and hand transplantation have raised significant surgical concerns due to prolonged operating times, in the region of 18-24 h, and extensive blood transfusion requirements [3 •• , 20] . Both . Such intra-operative blood loss may result in hemodynamic instability and further contribute to compromise of the allograft. In addition, the administration of massive blood transfusion in isolated face transplant recipients has been associated with complications including dilutional coagulopathy and rhabdomyolysis [21] .
Although not a concomitant face and hand transplant, many of the potential risks described by Gordon et al. [4 • ] as being associated with multiple simultaneous VCAs were clearly demonstrated in a Turkish patient who underwent single stage, quadruple limb transplantation [22] . A detailed report in the medical literature is still awaited, but information released through the media indicates that this patient had a turbulent post operative course, necessitating re-amputation of all transplanted limbs, but despite this and aggressive resuscitative efforts, the patient died on postoperative day 3 [22] .
Donor-related issues must also be considered. Teams are gaining ever more experience in coordinating the procurement of vascularized composite allografts with organ retrieval teams to avoid any disruption to the harvest of organs for life-sustaining transplants; clearly harvest of both face and upper extremity allografts for concomitant transplantation will require dedicated teams and refined procedures.
Restoration of donor integrity following removal of the face and the hands must not be overlooked. Current VCA teams have described well-accepted methods of restoring face transplant donors [23 • ]. However, it is possible that procurement of multiple VCAs will be less acceptable to donors and their families, which could potentially have a negative impact on VCA donation in general. Clearly restoring body integrity and appearance of the donor with both facial and upper extremity prostheses prior to return of the remains to the family is of high importance.
Immunological Challenges
To date, the majority of isolated face and hand transplants have been maintained successfully with conventional triple therapy immunosuppression including tacrolimus, mycophenolate mofetil and steroids [ . In some cases, specifically in cases when rejection correlated with viral reactivation, extracorporeal photochemotherapy was used as an alternative in an effort to avoid increased immunosuppression, with encouraging results [25] . Interestingly, in contrast to the 100 % graft survival enjoyed by isolated hand or face transplants, the incidence of acute rejection in both is higher than in solid organ transplantation [26] . The high prevalence of acute rejection episodes in vascularized composite allografts may reflect the immunogenicity of skin, but equally this apparent disparity may be confounded by the accessibility of VCAs, as visual inspection can reveal signs of rejection where solid organs require blood work or an invasive biopsy for a diagnosis. Frequent early diagnosis and treatment based on clinical skin changes in VCA is illustrated in the case of a face transplant recipient who was treated promptly for acute rejection, which was believed refractory until a history of recurrent rosacea in the donor came to light. Treatment with metronidazole cream resulted in complete resolution [10] .
Chronic rejection, which is well described in solid organ transplantation and continues to have a very significant impact on long-term survival of organ allografts, has not yet been reported in face transplantation [27, 28] . One hand allograft loss, in which intimal hyperplasia was observed on histological examination, may have been attributable to chronic rejection, however other factors may have been involved and the etiology in this case is not clear [29] . Episodes of acute rejection have been identified as a risk factor for chronic rejection in organ transplantation, which makes the current lack of definite cases of chronic rejection following VCA an interesting area for further study [30, 31] . Long-term follow-up will be required to determine the functional and immunological effects of chronic rejection in face and hand transplantation, whether isolated or concomitant.
In addition to the immunological issues which must be addressed in all VCA recipients, concomitant face and hand transplantation may present unique challenges. The quantity of soft tissue involved in a combined procedure is significantly greater than either allograft in isolation [32 • ]. Skin is considered the most susceptible of all tissues to rejection, thus, it is possible that transplantation of such large volumes of skin may present a significant immunological burden [33] .
Human recipients of large solid organ allografts have had favorable outcomes when compared to smaller transplants [34] . Large animal studies of kidney and cardiac transplantation have also demonstrated a possible beneficial effect of higher antigenic load on allograft survival [35] . Recent studies using small animal models of VCA have reported similar results [36] . While these findings may suggest a beneficial immunological effect from transplantation of larger amounts of donor tissue, further studies are required to confirm these reports and establish a mechanism for this effect, and even if true, any such benefit would have to be balanced against the other significant challenges presented by these complex procedures.
It has been reported that recipients of concomitant face and hand transplants have not required increased doses of immunosuppression to prevent graft rejection, and that at post mortem examination the French recipient's grafts were free from histological evidence of rejection [ 
Functional Outcomes
Functional outcome and recovery of both sensory and motor innervation following isolated face and hand transplantation have so far been encouraging [ ] described restoration of sensation when the mental nerves of the donor were placed near the mental foramen of the recipients without nerve coaptation in a case where insufficient length of recipient mental nerve remained to permit anastomosis. Sensory recovery in the distribution of the trigeminal nerve has also been described in the absence of proper nerve repair. The facial nerve was restored in these cases; the proposed explanation for sensory recovery is that interconnections formed between the motor facial nerve and the sensory trigeminal nerve [ 
Overall, motor recovery has occurred more slowly than sensory re-innervation in facial transplantation. Lantieri et al. [40] described initial motor recovery as early as two months post-transplant with complete mouth closure seen at 8 months. Similarly, the first recipient of a face transplant was able to move her upper lip 3 months after the operation with complete labial contact achieved at 6 months and contraction of chin muscles regained after a year [12] . Other recipients have regained motor function, including restoration of facial mimetics, gradually over the first year after transplantation [10] . Interestingly, ongoing motor improvements have been observed over a period of several years [41] . Facial transplantation has generally resulted in significant functional improvements. In the immediate post-operative period, recipients have improved breathing and oral intake; other important functions including, smelling, smiling and speaking have steadily improved as motor and sensory recovery progresses. Siemionow et al. [39] also reported that their patient experienced a reduction in chronic pain following transplant, presumably as a result of excision of the scarred and contracted tissues left by her injury and subsequent reconstructive efforts.
Follow-up reports of hand transplant recipients have shown encouraging sensory recovery as well. The International Registry on Hand and Composite Tissue Transplantation reported return of protective sensation in all European hand transplant recipients (n = 30) between September 1998 and July 2010 with at least 1 year followup [3 •• ] . Tactile sensibility was restored in 90 % of these recipients, with 84 % developing discriminative sensibility
Motor recovery in hand transplant recipients typically has been observed commencing between 9 and 15 months following transplantation. Return of extrinsic muscle function, allowing grip and pinch activities, generally occurs earlier than intrinsic muscle function. Sensory and motor recovery in hand transplant recipients has conferred the ability to perform daily activities, including eating, driving, grasping objects, shaving, using the telephone and writing [3 •• ]. Landin et al. described improved function following hand transplantation, as reported by patients themselves, using the disabilities of arm, shoulder and hand questionnaire [37] . As with facial transplantation, ongoing motor improvements in hand transplant recipients, including ability to perform fine tasks such as pick up ballbearings, have been observed more than 5 years after transplantation [3 •• , 42] .
Despite the encouraging clinical outcomes observed in isolated hand and face transplant programs, concerns over the potential for functional recovery in concomitant face and hand transplantation have been raised [20] . In humans, the sensorimotor cortical representation of amputated segments is diminished following injury and replaced with increased representation from surrounding, unaffected areas [43] . Reversal of this cortical re-organization has been demonstrated following hand transplantation, with restoration of a normal pattern of upper extremity representation, even if transplantation occurs years after the initially injury and amputation [44] . However, the face and the hand are represented in adjacent areas of the sensorimotor cortex, and it has been shown that tactile sensitivity in a transplanted hand can be markedly diminished when the ipsilateral face is touched simultaneously [45] . This raises the concern that following concomitant transplantation, it is possible that the transplanted face and hand may compete for sensorimotor cortical representation, resulting in unpredictable recovery. Therefore, further experimental evidence is required to determine the likely functional outcomes in concomitant face and hand transplantation.
Patient Selection
To date, the face and hand transplant experience has identified patient selection as a key determinant of success. Failure of both face and hand transplants has resulted from patient noncompliance with post-operative immunosuppression protocols [3 •• , 46] . Some teams have published methods for assessment, selection and preparation of individual face or hand transplant recipients [47, 48] . However, no patient selection criteria for concomitant face and hand transplantation have been suggested thus far. Given the complexity of the procedure and the uncertainty of functional outcomes, it seems appropriate that potential recipients should undergo a particularly robust, highly individualized patient selection process. This should involve assessing quality of life, motivations for transplantation, expectations, coping strategies, social support and ability to comply with follow-up in addition to the full medical work up required for any complex surgical procedure.
Recipients selected for face and hand transplantation have included those affected by burns, ballistic trauma, neurofibromatosis and animal attacks. The extent of facial tissue replaced, both craniofacial skeleton and overlying soft tissue, has varied considerably. Both unilateral and bilateral hand transplants have been performed at different levels between the wrist and shoulder. It has been suggested that burn patients with extensive injury to face and hands would be ideal candidates for concomitant face and hand transplantation [20] . However, the first such recipient was a burn patient and the poor outcome in this case raises a number of concerns. The sharing of resistance patterns between the multi-drug resistant pseudomonas aeroguinosa infection diagnosed post transplant, and an earlier infection during his acute phase burn treatment suggests the possibility of re-activation of persisting organisms from this original infection upon immunosuppression [24] . Colonization of burn wounds is common, and the possibility of reactivation of indolent infections in this cohort is a cause for concern. Similarly, the use of cadaveric skin allografts during the acute treatment of burns may result in sensitization of potential recipients and reduce the likelihood of successfully identifying suitable VCA donors [5 •• ] . Complex burn injuries undoubtedly present some of the greatest challenges for the reconstructive surgeon, and the potential benefits of concomitant VCA to the most severely injured of these patients are considerable. However, as described, these patients also present significant challenges, and some, particularly those with high levels of panel reactive antibody following extensive use of cadaveric allograft, may unfortunately be unsuitable candidates. We would suggest that evaluation of burn patients for concomitant face and hand transplantation should include an exhaustive review of their microbiologic history and close consultation with transplant infectious disease specialists.
Future Directions
Concomitant face and hand transplantation, like vascularized composite allotransplantation in general, is a lifeenhancing rather than life-saving procedure. Therefore, the basic ethical question is whether the risks of surgery and the burden of immunosuppression are outweighed by the potential benefits to the patient. The death of the first recipient of concomitant face and hand transplantation and the removal of the hands in the second case clearly highlight the dangers of this procedure. However, transplantation of the face and hands together does offer single stage restoration of upper limb and facial form and function, and consequently a potentially dramatic improvement in quality of life to a severely disabled and disfigured group of patients. Performing face and hand transplantation sequentially, from separate donors, could be considered as a potential alternative to concomitant transplantation. Precedent for sequential, multiple transplants can be found in the organ transplant literature, as it can for simultaneous multiple transplants and we believe both approaches are worthy of further consideration and study [49, 50] . Sequential transplant may offer benefits in terms of reduced operating time and blood loss at the time of initial surgery, however this would be offset against the risk inherent in an additional major surgical procedure, and the possibility that sensitization could occur to the first transplant leading to an accelerated immune response against the second. However, at this time insufficient data are available to quantify the relative risks of sequential and concomitant VCA.
Presently, little experimental evidence has been gathered on concomitant face and hand transplantation. Cadaveric analyses have demonstrated that the quantity of skin transferred in concomitant face and hand transplantation is significantly greater than either allograft in isolation [32 • ]. Further preclinical study of transplantation of large quantities of antigenic tissue will be useful in determining the immunologic impact of such cases, and may contribute to refinement of immunosuppressive regimens for these cases.
Donor-specific transplant tolerance has now been achieved in a number of clinical trials in kidney transplantation [51, 52] . Induction of tolerance of skin-bearing allografts remains a more difficult challenge, which has not yet been achieved clinically. The use of bone marrow transplantation in hand transplantation has facilitated maintenance of allografts on tacrolimus monotherapy, significantly reducing but not eliminating the immunosuppressive burden [53] . Induction of vascularized composite allograft tolerance has been achieved across MHC barriers in large animal models, but further development is required to translate these findings into a clinically applicable protocol [54] . These studies provide proof of concept for VCA tolerance, and, if successfully translated to clinical practice, hopefully can improve the risk benefit ratio for all VCA recipients, including future candidates for concomitant face and hand transplantation. However, the long term benefits of tolerance would only be relevant if the short term risks of sepsis and operative complications can be overcome.
Conclusions
The face and hands both play uniquely important roles in an individual's functional independence, psychological wellbeing and social interaction. Reconstruction of either following severe injury remains highly challenging, and results are often suboptimal. Concomitant face and hand transplantation offers single stage restoration of function and form to an unprecedented standard. The early experience in this field, sadly, has highlighted many difficulties and challenges, and much remains unknown, not least the potential for functional recovery following such cases. The successful outcomes of individual VCAs and simultaneous multiple organ transplants offer encouragement. Patients left severely disabled and disfigured by extensive craniofacial and upper extremity tissue loss would undoubtedly benefit considerably from a concomitant approach if the acute phase complications observed to date can be successfully overcome. Many of the outstanding questions, such as the immunologic impact of such extensive skin transplantation, are amenable to further study in preclinical models. Other questions however, such as those concerning cortical reintegration and functional outcomes will only be satisfactorily addressed by clinical trials and longer term follow-up. We encourage teams considering patients for concomitant face and hand transplantation to proceed cautiously, and would welcome continued candid reporting of outcomes and collaboration between VCA centers to facilitate progress and development in this challenging area.
